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RESEARCH MEMORANDUM

ANATYTICAT, AND EXPERIMENTAL. INVESTIGATION OF A FORCED-CONVECTION
ATR-COOLED INTERNAL: STRUT~SUPPORTED TURBINE BLADE

By Eugene F. Schum and Francis S. Stepksa

SUMMARY.

Anslytical and experimental investigetlons were conducted to deter-
mine the cooling effectiveness and mechanical durability of a forced-
convection ailr-cooled strut-supported blade. Two blades, each consisting
of a finned internel load-carryling member, or strut, to which a two-piece
base and & two-plece airfoil shell were attached by brazing, were investi-
gated in a modified turbojet englne usling an external cooling-air supply.

Experimental results obtained at rated engine speed (11,500 rpm and
turbine tip speed of 1300 ft/sec), a turbine-inlet temperature of about
1640° ¥, and a cooling-air tempersture of sbout 200° F at the blade base
indiceated thet substantlal differences between the effective gas tempera-
ture and strut tempersture were obtalned throughout the entire range of
coolant-to-combustion-gas flow ratlo investigated. For example, at a
coolant-to-combustion-ges flow ratio of 0.0l, the average strut tempera-
ture was sbout 400° F below the effective gas temperature.

Conslderetion of the temperature and stress levels of the main load-
carrying members of the strut-supported blade and of one of the more
favorably cooled shell-supported blades indicated that the strut-supported
blade has more promise for operation at higher turbine-inlet temperatures,
higher stress levels, and/or lower coolant-to-combustion~gas flow ratios.

The local midchord strut temperatures determined by the analytical
method were in good asgreement with the experimentally obtained tempera-~
tures. The maximum difference between analytical and experimental tem-
peratures was ebout 35° F when the experimental local strut temperature
vas epproximately 4000 F.

INTRODUCTION
Turbine-inlet temperetures and turbine stress levels that are higher

then those permitted in present-day turbojet engines are goals that are
particulerly desirable for engines intended for supersonle aircraft.
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These goals mey be achleved through the use of turbine cooling. An
immediate goal of NACA turbine-cooling research is to obtaln air-cooled
turbine blades thet will operate satisfactorily at turbine-inlet tempera-
tures of about 2000° to 22000 F, which are 500° to 600° F higher than
those permitted in present-day engines. It is desirsble to maintain the
cooling-alr requirements at a minimum so that the engine-performance
losses, associated with cooling, can be minimized.

As a result of the foregolng goals, the NACA has been investlgating
various types of air-cocled turbine blades at the Lewils leboratory in
order to determine their cooling potential and thelr aspplicability to
gas-turbine-type engines.

An investigatlion of shell-~supported ¥orced-convection air-cooled
turbine blades msde of noncriticel materials and having corrugated in-
serts was reported in reference l. The results indicated thet such
blades were capable of being operated at current turblne-inlet temperea-
ture levels and at cooling-air temperatures of 450° F (approximate
compresgsor-exit temperature for compressor-pressure ratlo of 4) for
cooling-air~to-combustion-gas flow ratlos as low as 0.,0l. Unpublished
analyses have shown that shell-supported blades wlth corrugated inserts
can be operated st turbine-inlet temperatures of about 2000° F and
cooling-air temperatures at the blade base of about 470° F with cooling-
air-to-combustion-gas flow ratlios on the order of 0.02, when the blade
is made from a high-temperature alloy.

In the shell-supported blade, the main load-carrying member 1s the
blade shell, which 1ls exposed directly to the hot combustion gases.
Another type of blade, in which the main load-carrying member is pro-
tected from the hot combustion gases by the blade shell aend a layer of
cooling air, is known as a strut-supported turbine blade. Analytical
investigations of such a blade were reported in reference 2, and the
results indicated that the strub~supported blade hed more potentlality
for being operated at high turbine-inlet temperatures, high stresses,
and low coolant flows than did the shell-supported blade. Experimental
investigations of a strut-type blade (ref. 3) verified the conclusions
made in the analysis of reference 2.

The first strut blade thet was experimentally investigeted (ref. 3)
was built primerily to help verify the theoretical analysis of heat-
trensfer characteristics of the strut-type blade presented in refer-
ence 2. In order to expedite the fabricetion and experimentel investl-
gations of the first strut blade design, there was no speclal attempt
made to incorporate certain desirsble mechanlcal and aerodynamlc features.
As a result, the first strut-supported blade design investigated hed
certain recognized shortcomings such as high cooling-air pressure losses,
e dimpled outer surface on the blade shell, and a rather intricate and
perhaps undesirable machining process to obtain the strut profile.

~ 3152
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In order to improve upon the over-all design of the first strut-
supported blade, additlional hest~transfer analyses were made and the re-
sults incorporated in another strut-supported blade design. This present
design as well as the first strut-supported-blade design was based upon
the assumptlon that a minimm strut temperature for a glven quantity of
cooling air is desireble in order to obtain high rupture and yield
strength in the strut. The thermal stresses caused by the large tem-
rerasture differences between the shell and strut, as well as vibratory
stresses, were not considered in design stress analyses. These stresses
were not consldered because of the complexity of the stress calculations
involving the determination of the blade temperature distribution chord-
wise as well as spanwise. In additlon, accurate values of the physical
properties of the materials at elevated temperatures, which are not
available st present, would also be required in the analysis. It was
thought to be more expedient at the present to neglect the effects of
thermal and vibratory stresses in strut-supported-blade design considera-
tions and base the initisl configurations on the premise that minimmm
strut temperatures are required.

This report presents the analytical results leading to the design
of the present strut-supported-blade configurstion and the results of an
experimentel investigation made on two blades to determine the cooling
characteristics of the design. The results of a preliminary endurance
investigation of the blades are also presented, The experimental results
were obtalned in a full-scale turbojet engine that was modified to
accomodate two air-cooled turbine blades. Cooling alr was supplied to
the air-cooled blades from & laboretory air system. Daeta were obtained
at rated engine speed (11,500 rpm end turbine tip speed of 1300 ft/sec)
for a turbine~inlet temperature of about 1640° F. The coolent flow was
varied so that values of cooling-air-to-combustion-gas filow ratio per
blade ranging from 0.0l to 0.08 were cobtained., The cooling-alr tempera~
ture at the base of the cooled blades varied from ebout 150° to 250° F.

ANATYSTS
Evaluation of Blade Temperetures

The heat~transfer analysis of the strut-supported blade employed in
this investigation required determination of the temperature of the blade
strut and shell. The methods used Lo evaluete these temperatures and the
factors required are presented in the followlng sectlons.

Blade shell and strut temperatures. -~ The menner of evaluating the
temperatures of the strut and shell at the midchord reglon of the blade
consisted of dividing the cross sectlon of the blade at the span position
where temperatures sre desired into a mumber of arbitrarily chosen parts,
meking heat balances at each of these parts, and soclving the heat-balance
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equations. ©Since the shell and strut temperatures sre dependent on the
local cooling-air temperatures, an lteration process to determine the
cooling-alr temperature rise through the blade was required together
with the heat-balance equations. The method used to determlne the shell
and strut temperatures was similar to that described In detail 1n refer-
ence 4. It should be noted that this method is only applicable for
determining temperstures in the midchord reglion of the blade for the
reasons cited in reference 4.

Heat-transfer coefficlents. ~ The average gas-to-blade heat-transfer
coefficients, which were used herein to determine the temperatures of the
shell and strut, were evaluasted according to the method presented in
reference 5. The velocity distribution around the turbine blade, which
was required to evaluate these coefficients, was obtained by the method
described in reference 6. The blade-to-coolant heat-transfer coeffl-
clents were evaluated by the use of equation (15) of reference 7. Thie
equation was obtained from & correlation of data of heat transfer to air

flowing in tubes.

Coolant temperatures. - The coolant temperatures et the various span
locations of the blade were evaluated by the use of equetion (D2) of
reference 4. This equation relates the temperature rise of the coolant
in an incremental length of span to the temperature rlise resulting from
heat transfer from the hot gases and from rotation. Since the heat
transferred to the coolant 1s dependent on shell temperatures, which in
turn are dependent on coolant temperatures, solution of the egquation
required an lteratlion process.

Preliminery Blade-Design Considerations

In order to arrive at the present strut-supported-blade design, an
analysis was conducted to investigate the heat-~transfer characteristic
of the strut-supported blades. An insight into the conslderations
associated with the heat~transfer aspect of the blade design can be
obtained from en explanation of the cooling mechanism of the strut.
This mechenism can be illustrated by the use of a cross sectlion of a
strut-supported blade, as shown in figure 1. {(Points o, ¢, r, 8, and
t are discussed in Methods.) The heat from the hot gases flowing over
the shell is transferred to the shell, then conducted through the shell.
A portion of the heat from the shell 1s transferred directly to the
cooling air, while the remainder is conducted through the attachment
medium into the primary fins. Some of the heat entering these fins is
dissipated to the cooling air, while the remainder is conducted to the
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body of the strut. A portion of the heat entering the body of the
strut is dissipated directly to the cooling alr, and the remainder is
conducted to the secondary fins from which it 1s dissipated to the
cooling air. Thus, from the consideration of the cooling mechanlsm
alone, it 1s apparent that investigations of the effects of attachment
area, primery- and secondary-fin thickness, and number of secondary fins
are required in the design of the blade. An analytical investigation
wag therefore conducted to determine the effect of these factors on the
strut temperature and to select a strut design for a particular turbine-
blade profile.

Conditions of analysis. - The aerodynemic profile selected is shown
in figure 1. The profile is that for a 3/8-span location of a twisted
airfolil blade having good turbine-performance cheracteristics. The
enalysis to establish the effect of strut geometry on average strut tem-
perature was mede at the 3/8-span location because it is believed that
this is the critical section of the blade from the tempersture and stress
viewpoint. A turblne-inlet gas temperature of 2000° F, which results in
an effective gas temperature of 1750° F, was considered for deslgn pur-
poses. The coolant-inlet temperature at the base of the blade was
agsumed to be 500° F. This value wae based on en assumed compressor-
bleed temperature of 450° F (which is typical for present-day turbojet
engines with compressor-pressure ratios of ebout 4 and with compressor-
inlet temperstures of gbout 80° F) and a 50° F rise in coolant tempera-
ture as the cooling air is ducted through the rotor to the blade base.
Variations in the number and thickness of secondary fins, thickness of
primery fins, and the amount of attachment area between shell and pri-
mary fins that were considered in the analysls are given in the follow-
ing teble:

Itenm Number Thickness | Thickness | Percent of
of of of attachment
secondary | secondary |primary area
fins fins, fins,

in. in.

Effect of number of 0 | eae=- 0.040 100

secondary fins 1 0.020 .040 100

2 .020 .040 100

3 .020 .040 100

Effect of primary- 3 0.020 0.020 100

fin thickness 3 .020 .040 100

Effect of secondary- 3 0.020 0.040 100

fin thickness 3 040 .040 100

Effect of attachment 3 0.020 0.040 100

contact area be- 3 .020 .040 50

tween shell and 3 .020 .040 25
primary fin
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Methods. - The procedure for evaluating coolant and strut tempere-
tures in the midchord region, which was briefly described in Evaluation
of Blade Temperatures, is discussed in more detail in reference 4. 1In
this reference, a mathemstical and an electrilcal analogy type solution
is given. The mathemstical procedure required to obtein the midchord _
strut temperstures Involves the simultaneous solution of a large number
of equetlons. Since the time involved as well as the tedlousness of )
the solution of these equations can be greatly reduced by use of elec~
trical analogy, the analogy was used herein. In this analogy, the
thermal resistance of each of the component parts of the strut blade as
well as the gas-to-blade and blade-to~coolant thermal resistances are
represented by corresponding electric resistances. Voltage values from
measurements made on the analog constructed for a strut blade (ref. 4)
are analogous to the temperatures of the blade. The average analytical
mldchord strut tempersture used in this phase of the analysis is an
arithmetic average of the calculated tewperatures at polnts o, q, r, s,
and t (fig. 1), which are identical to similar points shown in refer-
ence 4. The lengths of the component parts of the strut blade (see
ref, 4 for the component parts considered), which were used to evaluate
electric resistances in the analog, were based on average lengths meas-
ured for the midchord sectlon of the blade. The values of the average
heat-transfer coefficilents evaluated in the manner described earlier and
the assumed values of coolent and effective ges temperature were also
used In the analogy according to the method described in reference 4.
It is estimated that the accuracy of the analog results obtained with
respect to the mathematical solution 1s of the order of 1 percent, in
accordence with the accuracy achieved 1ln reference 4.

Results of analysls. - The results of the snalysis made to deter-
mine the effect of varlations in strut geometry on strut temperatures
for a range of coclant-to-gas flow ratio of 0.01 to 0.07 are shown 1in
figure 2. An indication of the coolant temperature at the 5/8-span
position over the range of coolant-to-ges flow ratio investigated is
also shown. PFor each of the four effects investlgated, the meximum
variation of the coolant temperature for a specific coolant flow was
of the order of 20° F. Consequently, for each of the four effects
investigated, the indicated coolant temperature is an arithmetic
average of the coolant temperatures for the configurations considered.
The average strut temperatures shown (arithmetic averages of temper-
ature at points o, ¢, r, s, and t, fig. 1), which neglected the small
effect of radiation from the shell to the strut, lndicated several
significant trends which are described herein.

The number of secondsry fins had the greatest effect in reducing
strut temperatures, as shown in figure 2(a). For exemple, the addition
of each additionel secondary fin resulted in a reduction in average strut
temperature of about 30° F. The difference in strut temperatures between
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a strut with no secondary fins and a strut with three secondary fins is
of the order of 95C F. For meny materials, a reduction in tempersture
of 95° F at high materiszl temperatures can increase blade life & consid-
erable amount. It should be noted that the large temperasture reduction
achleved is contradictory to the impression given in reference 2, in
which it is stated that "the secondary fins could possibly be eliminated
from the design without much loss in cooling effectiveness". The anal-
yasis made in reference 2 did not include en investigation of finning as
is reported herein.

The effect of the primery-fin thickness is shown in figure 2(b).
The results indicate that a reduction in average strut temperature on the
order of 35° F can be achieved by decreasing the primary-fin thickness
from 0.040 to 0.020 inch. Since the primery fin supports the shell, it
is the mode of conductive heat transfer from shell to strut snd conse-
quently determines the megnitude of heat flow. The larger this heat
flow, the gresaster the strut temperature. Since the primary-fin length
(distance from shell to strut) is somewhat fixed because of the thickness
of the selected airfoil profile, an increase in the thermal resistance
to this conductive heat flow can only be obtained by decreasing the
primary-fin thickness. The values chosen for primsry-fin thickness were
based on strength limitations that are discussed in the section Strut
configuration evolved. Although no calculations were made for struts
having primary fins thinner than 0.020 inch, it seems logical that the
rate of decrease in strut temperature would become greater as the thick-
ness was reduced. This is based on the fact that at zero thickness, the
strut would be at the same temperature as the coolant since there would
be no conduction from the shell to the strut for this hypothetical case.

The effect of secondary-fin thickness (shown in fig. 2(c)) indicated
no significent strut-temperature reduction when the f£in thickness was
reduced from 0.040 to 0.020 inch. This can be explained as follows: The
degree of cooling of the strut with the use of secondary fins is dependent
mainly on the product of the effective strut-to-coolant heat-transfer
coefficient that is used to replace the secondary fin for analysis pur-
poses (see ref. 2) and the area of the fin in contact with the strut.
From the effective coefficient equation given in reference 2, it can be
shown that for a constant coolant flow the coefficient varies approxi-
metely inversely with fin thickness. Thus, if the thickness of the fin
is doubled, the effective coefficient is decreased by approximately two.
However, the area of the fin in contact with the strut is doubled. Con-
sequently, the product of the fin contact area and the effective coeffi-
cient remalns approximately the same regardless of fin thickness, and as
a result the strut tempersture is not affected.

The effect of attachment contact area between the shell and primary
fin is shown in figure Z(d). These results indicate that reducing this
area from 100 to 25 percent had little effect on strut temperature. This
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may be explained by considering the conductive heat flow from the shell,

through the attachment medium (such as braze waterial) and primary fin, .
and into the strut. The magnitude of this heat flow, which determines -
the strut temperature, is dependent upon the sum of the thermal resist-
ances of the sbttachment medium and the primery fin. The thermal resist-
ance of the attachment medium is usually small since its length from
shell to primary fin is likewise small. However, because of the rela-
tively larger length of the primary fin, its thermal resistance is rela-
tively larger. As a result, a change from 100 to 25 percent on the -
smaller resistance would result in little change in the sum of these two
resistances. However, for very small percents of contact area, the
attachment-medium resistance mey become large and a reduction in strut
temperature may be achieved., For the ldeal case, where there is zero
percent contact, a strut tempersture approximately eguivalent to the
coolant temperabure would result. Although low values of contact area
are deslred from the heat-transfer viewpoint, other factors determine
the contact area required. These factors are described in the subsequent
section.

3152

Strut confilguration evolved. - The strut conflguration that was
evolved by using the previous analysis is shown in figure 3. Cross-
sectional views of the strut are shown for the root section and for sec-
tlions l% and 3%'inches from the blade root. The blade incorporating this
strut conflguration was designed for operation at a turbine-inlet gas
temperature of 2000° F, a coolent temperature et the blade base of 500° F, -
and a blade tip speed of 1300 feet per second.

Preliminary calculations of the shell temperstures and the strength
of the shell in the leading- and trailling-edge sections of the blade in-~
dicated that five primary fins were required. The spacing of primary
fins was dependent upon the number of secondary fins end the spacing be-
tween subsequent fins. Because it was desired that the strut design lend
itself to readily avalleble fabrication processes (machining, casting,
etc.) with a view toward ease of febrication and that the pressure drop
of the coolant be of a reasonable value, a constant spacing of 0.080 inch
between consecutive fins was selected. It was also desired to cool the
midchord region of the strut as much as possible bhecause the greater
emount of strut material, which supports the centrifugal load of the
strut and shell, is in this region. As a result of the analysis de-
gscribed previously, three secondery fins were used in the midchord region
of the blade. Because of the chordwise length of the strut, space limi-
tations permitted the use of only two secondary fins between primary fins
in the leadlng- and trailing-edge sectlons of the strut, as shown in fig-
ure 3. In view of the results shown in figure 2(c), a 0.020-inch-thick
secondary fin was used in order to conform with available fabrication
processes and the desire for a light-weight blade. From stress consider- -
ations, a taper in the strut is desirable. As a result, the thickness
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of the strut a2t the blade root and at 3% inches from the blade root was
selected such that a favordble spanwise stress distribution and blade

L
weight resulted. The strut length of 33 inches was chosen because cal-
culations indicated that the remsinder of the shell that extends from

1

3z inches to the 4-inch blade length would support itself. The thick-
ness of the strut at any spen position was obtained by connecting the
strut proflle at the base with the profile at 3% inches from the base

with straight lines. This method was used so that straight-line machin-
ing could be used in strut fabrication. From strength and vibrational
considerations, it was felt that a 0.020-inch shell was of sufficient
thickness. The centrifugal force on the shell dictated the thickness of
the primsry fins. Because the strut was designed for turbine-inlet tem-
perature operation of 2000° F, the primery fin would be at & relatively
high temperature at the point of Jjunctlon with the shell. Since a
noncritical steel (Timken 17-22A(S)) was selected for the strut and fins
and since the operating temperature of the primary fin was high, the
allowable shear stress of the material would be relatively low as compared
with the alloweble stress of high~alloy materials at the same temperature
level. For this reason, a primary-fin thickness of 0.040 inch was re-
quired to support the shell for this blade, even though a cooler strut
could be achieved with use of a thinner fin as shown in figure ZCb). For
strategic materials, a thinner primsry fin would be more feasible from
the stress viewpoint. Inasmuch as the results shown in figure 2(d) in-
dicate that little temperature reduction can be attained by reducing the
braze contact area hetween the shell and primary fin from 100 to 25 per-
cent, a continuous braze along the span of the primary fins {100 percent)
was chosen. Furthermore, a continuous braze would insure a high safety
factor in the brazed Joint.

It should be noted that in the design of this blade, emphasis was
placed on cooling the strut as much as possible for a given coolant f£low.
The resson for this was clted in the INTRODUCTION.

DESCRIPTION AND FABRICATION OF BLADE

Two strut blades were fabriceted with the desirgble features incor-
porated as determined by the analysis previously described. The aero-
dynamic profile of the strut blades was thicker than thet of the standard
uncooled turbine blades used in the test engine, but the twist of the
blades was approximately the same. The chord of the blades was approxi-
mately 2 inches and the span approximately 4 inches. The strut blades
were of a filve-plece construction, consisting of a strut, a two-piece
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shell, and a two-piece base, as:shown in figure 4(a). A cross sectlon of
the strut configuration at the 3/8-span position is shown in figure 3(b).
The slots in the strut (fig. 3) between the fins were 0.080 inch wide.

The primary fins were 0,040 inch thick and the secondery fins, 0.020 inch
thick. A clearance of 0.015 inch between the secondery fins and the shell
was malintained in order to prevent brazing of the two members while the
primery fins were belng brazed to the shell.”

The struts and bases of the blades weré made of Timken 17-22A(8)
materlal, which contains sbout 3 percent of critical alloying materials,
with a viewpoint (held at the time of the blade design) of conserving
critical materials. The alrfoil shell was formed from 0.020-inch sheet
stock of N-155, an alloy contalning large percentages of nickel, chromium,
and other critical materials. This alloy wes used because it could be
brazed easily to the strut and because it possessed high strength at rela-
tively high temperstures and good oxlidetlion resistance to avoid the ero-
slon and coating problems which were encountered with shell-supported
blades made from noncritical materials (refs. 8 to 10).

3152

The first step in the febrication of the blade was to cut the out-
side profile of the strut from a plece of forged stock of Timken 17-22A(S)
steel. The next step was to mill the contimuous straight-line slots in
the strut (fig. 4(a)). The blade bases were then cast in two pleces, and
the slots in the bases, corresponding to fin locatlon at the base of the
strut, were machined. The struts were then inserted into the base and
the unite were Nicrobrazed. The formed shell halves were then Nicrobrazed
to the strut. In this brazing operetion, the leading and tralling edges
of the shell halves were butted together so that these regions would be
brazed at the point of contact. In addition, the shell halves were
fleired at the root so that they would be brazed along the fillet at the
blade base (fig. 4(b)). Inspection of the leading- and trailing-edge
regions and of the blade shell and base Junctions after brazing, however,
disclosed poor breze contact at & number of points. These reglons were
then welded to reduce alr leakage. Small cracks, however, developed at
the Junction of the shell and base after this reglon was welded. Further
welding of cracks was not attempted since 1t was thought that any leakage
through these cracks would be negligible. The final steps in the febri-
cation were to grind the serrations in the base and to trim the blade to
length. The completed blades were then nickel-plated according to the
method described in reference 10 to prevent oxildation of the low-alloy-
material strut. In order to prevent possible vibration of the shell
which extended beyond the end of the strut, two stiffeners extending
across the coolsnt passage were welded to both sldes of the shell, ZEach
stiffener was of 0.020-inch thickness and 0.25-inch length end mede from
N-155. A photograph of the blade components prior to assembly is shown
in figure 4(b). A photograph of a completed blade (taken after comple-
tion of the investigation reported herein) is shown in flgure 5. The
welght of the completed strut blade 1s approximetely the same as that of i

NN AL .
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the shell-supported blades and approximately 1/2 the weight of the stand-
ard uncooled blades of the test engine.

APPARATUS AND INSTRUMENTATION

Description of engine. - The modified turbojet engine used for the
investigation of the two strut-supported blades and the Ilnstrumentation
+t0 measure the combustion-gas flow were similar to those described in
references 11 and 12. The engine was modified to permlit cooling of the
blades with an externsl cooling-eir supply. The two air-cooled test
blades were locsted dlametrically opposite in the turbine rotor with the
standard uncooled blades located in the other serrations in the rotor.

Instrumentation of blades. - In order to obtain rotor-blade temper-
atures, chromel-alumel thermocouples and a slip-ring-type rotating-
thermocouple pickup system similsr to that described in reference 11 were
used in the investigation reported herein.

The chordwlse temperature distributions of the strut were obtained
by three thermocouples located at the 3/8 span of one of the struts, as
gshown by points 1, 2, and 3 in figure 3(b). The 3/8-span location was
chosen for several reasons: It was thought to be the critical section
from stress and temperature consideration; 1t provided similarity with
the span location of thermocouples used on other ailr-cooled blades in-
vestigated; and 1t permitted comparisons of temperature date obtained on
a shell-supported corrugated-insert blade (ref. l). Spanwise temperature
distributions of the strut were not obtained because of thermocouple
failures early in the test.

The effective gas tempersture (uncooled-blade temperature) was ob-
tained from & thermocouple located at the leading edge and at the 3/8
span of each of two standerd uncooled blades.

Cooling-air instrumentation. - The control of the flow of cooling air
to the air-cooled blades and the instrumentation necessary for calcula-
tlion of flow rate were the same as those described in reference 1l. The
cooling-alr tempersture at the entrance to the blade base was measured by
a thermocouple that was Iinserted in each of two tubes on the face of the
rotor which supply cooling alr to the blades, & procedure similar to that
described in reference 11.

PROCEDURE
Experimental Procedure

Beat-transfer investigation. - The procedure followed in conducting
the experimental heat-transfer runs on the strut blades was similar to

s -
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that followed In reference 11. Runs were made at rated engine speed
(11,500 rpm and turbine tip speed of 1300 ft/sec) and over a range of
cooling-air-to-combustion-ges flow ratio from approximately 0.01 to 0.08.

Preliminary investigation of blade durabillty. -~ After the experi-
mental heet-transfer data were obtained, the two strut bledes were sub-
Jected to a preliminary endurance test in order to obtain an insight into
the durability of the blade. The blades were subjected to a cyeclic type
of engine operstion. Each cycle consisted of operating the englne at
1dling speed (4000 rpm and turbine-inlet gas temperature of approximately
1100° F) for 5 minutes, accelerating in 15 Beconds to rated engine speed
(11,500 rpm and a turbine-inlet gas temperature of epproximately 1670° F),
and maintaining these conditions for 15 minutes, followed by decelerating
the englne to 4000 rpm in 15 seconds. The endurance investigation was
conducted at coolaent-to-gas flow ratlos of 0.05 and 0.03.

Calculation Procedure

Calculated strut temperatures. - The analytlcally obtalned local tem-
peratures of the strut at the 3/8 span and midchord region of the blade,
for comparison with experimentally obtailned temperatures at the same loca-
tion, were determined by use of an electric analog, as described in ‘the
Preliminary Blade-Design Considerations section of this report. The cal-
culated temperstures were obtained at a location on the strut that corre-
sponded to point s of figure 3(b) (also point & of figs. 9(b) and (c)
of ref. 4) and to the thermocouple location at the midchord region of the
blade (point 2, fig. 3(b)). The effective gas temperatures at the 3/8
span and the cooling-air temperstures at the blade base which were used
in the calculation were those experimentally obtained. The profile of the
spanwise varietion of the effective gas temperature, which 1s required for
the iteratlon process in order %o determine the tempersture rise of the
cooling ailr in the blade, wae assumed to be similar to temperature pro-
files obtained from unpublished results of ap investlgation of an engine
gilmilar to the test engine. Temperatures for the midchord region of the
blade were the only temperatures calculated because the theory employed
is valid only for the midchord region of the blade, as mentloned in the
ANALYSIS section and discussed in detail in reference 4.

Calculated shell temperatures. - The analytically obteined tempera-
tures of the blade shell at the midchord region and at the 5/8 span were
also determined by use of an electric analog in the manner described in
the ANALYSIS sectlon. The shell temperatures reported herein are the
arithmetic average of the calculsted temperatures at four representative
locations on the shell at the midchord region. The locatlionz selected
corresponded to points a, ¢, e, and g of figure 3(b). (Also to the same
points in figs. 9(b) and (c) of ref. 4.)

Experimental average strut temperature. - The average strut tempera-
tures reported herein are the arithmetic average of the temperatures

CONEEDFINTERN
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obtained by the three thermocouples located in the strut as shown in
figure 3(b).

RESULTS AND DISCUSSION

The experimentel and analytical results of the heat-transfer inves-
tigation of two air-cooled, strut-supported blades are presented in fig-
ures 6 to 8 and are discussed herein. The results of a preliminary en-
durance investigetlon of these blades are also discussed.

Experimental Blade-Temperature Distribution

The variation of the temperatures of the leadling-edge, midchord, and
trailing-edge regions of the strut at the 3/8 -span location with coolant-
to-gas flow ratio is shown in flgure 6. The data were obtalined at a
turbine~inlet ges temperature of approximetely 1640° F (effective gas tem-
perature of approximately 1420° F) and an engine speed of 11,500 rpm
(tip speed of 1300 ft/sec). The data indicate that the temperature dif-
ference between the leading edge and the midchord reglion of the strut
(points 1 end 2 of fig. 3) was only about 20° F over the entire range of
coolant-to~-gas flow ratio. A difference of approximstely 180° F occurred
between the trailing edge and the midchord region (points 2 and 3 of fig.
3) over most of the flow range. The relatively larger temperature differ-
ence between the traliling edge and the midchord region of the strut can
probably be attributed to the lack of sufficlent secondary fins (because
of space limitations) in the thin trailing-edge region. Over the entire
range of coolent-to-gas flow ratio Investigated, substantiel differences
between the effectlve gas temperatures and strut temperatures were ob-
tained. At a coolant-to-gas flow ratio of 0.01, for exemple, the strut
temperatures were on the order of 1000° F, which is about 400° F below
the effective gas temperature.

Comparison of Experimental Temperatures and Stresses of Forced-Convection
Air-Cooled Strut-Supported and Shell-Supported Turbine Blades

The experimentally obtained average temperatures of the support mem-
ber of the strut blade over a range of coolant-to-gas flow ratio are
shown in figure 7(a) for rated engine speed and an effective gas temper-
ature of approximately 1420° F. The average temperatures of the support
member, namely, the shell of a corrugated-insert shell-supported eir-
cooled blade (ref. 1), are also shown. As expected, the data indicate
that the temperatures of the primsry support member of the strut-supported
blade were considerably lower over the entire coolant-to-gas flow range
then the temperatures of the primary load-carrying member (the shell) of
one of the more effectively cooled.shell-supported blades. At low
coolent-flow ratios for example, the difference in temperaiures of the
primary support members of the two blades is approximately 160° F y Where-
a8, at high coolant flow ratios this difference increases to about 250° F.
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The lower operating temperatures of the strut-supported blade are not
the sole criteria to be comsldered in evaluating the blades. Factors such
as operating stress level of the blade load-carrying members and the blade
material properties need to be conslidered. As previously indicated, the
thermal and vibratory stresses were not considered herein because of the
complexity of the calculations and the unavallability of eccurete values
of physical properties of materials at elevated temperature which are
needed in these calculations, Therefore, a method for evaluating the
merit of the bPlades, based on consideration of centrifugal stresses only
and on the premise that minimum strut temperatures are desired 1ls pre-
sented. The evaluation of the blades on this basis can be i1llustrated by
the use of figure 7(a) and a stress-rupture curve of a representative
noncritical alloy, Timken 17-22A(S) steel, as shown in figure 7(b).

The shell-supported and strut-supported blades were compared in order

to determine the coolant-to-gas Llow ratios required at rated engine con-
ditions; this comparison was made on the basls that the two blades had the
same stress-ratio factor (ratio of allowable stress to the calculated cen-
trifugal stress). The comparison was made at the 3/8-span location he-
cause this locatlon was thought to be the critical reglon from the stress
and temperature viewpolnt. The coolant-to-gas flow ratioc of the shell-
supported blade for this example was arbitrerily chosen as 0.015, For
this value of coolant-flow ratio and the experimental shell temperature
shown in figure 7(a), an allowsble stress of 58,500 psi is obtained, which

1
results in a stress-ratio factor of 23z based on a calculated centrifugal

stress of 25,000 psi for the shell-supported blade. Since the calculated
centrifugel stress of the strut blade is 33,000 psl, the alloweble stress

based on & stress-ratio factor of 2% becomes 77,600 psi. For thle stress,

according to figure 7, the required coolant-to-gas-flow ratio for the
strut~supported blade is approximately 0.0l, which is approximastely 33-
percent-~less coolant flow than requlred for the shell-supported blade.
As was shown in reference 1, 1f the blades were operated at a higher
effective-gas temperature or a higher cooling-air temperature, or both,
the improvement of the strut-supported blade over the shell-supported
blade would be even greater.

Comparison of Analytical and Experimental Strut-Supported
Blade Temperstures

A comparison of the analytical and experimental local temperatures of
the strut at 3/8-span position in the midchord region of the blade is
shown in figure 8. The data are presented for rated engine speed
(11,500 rpm) and a turbine-inlet gas temperature of approximately 1640° F
(effective gas temperature of approximately 1420° F), Analyticel temper-
atures for the shell of the strut-supported blade in the midchord region
and at the 3/8 span are also shown.

CPRTIERIEINT, *
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The analytically determined local midchord strut temperatures are
in good agreement with the experimentally obtalned temperatures; the
maximum deviation is about 35° F (for & local midchord temperature of
approximately 400° F) at a high coolant-to-gas flow ratioc, with better
agreement being obtained at lower coolant-to-gas flow ratios. The good
agreement achieved between the analytical and experimental strut-
temperature results indicates that the calculated shell temperatures
should also be representative of the actual shell temperature. Present
instrumentation techniques did not permit installetion of thermocouples
on the 0.020-inch shell, so that comparison of calculated and experi-
mental shell temperatures could not be made. The calculated values of
shell temperature indicate that at low coolant-to-gas flow ratios the
difference in the shell and strut temperatures is of the order of 175° F,
whereas at the larger coolant-to-gas Flow ratios this difference is in-
creased to about 350° F.

Preliminary Investigation of Blade Durability

After the experimental heat-transfer data were obtained, the two
strut-supported blades were subjected to a cyclic endurance test in order
to obtain preliminary informstion on the durability of blade construction.
Cyclic-type operation was chosen so that the blades would be exposed to
rapid changes in ges temperature and centrifugal-stress level. The two
blades were subjected to 10 cycles of operation at a coolant-to-gas flow
ratio of 0.05 and 10 cycles at a coolant-to-gas flow ratio of 0.03. The
two blades d1id not Fall even when operated with the cracks in the fillet
between the shell and blade base, which were described previously. A
photograph of one of the blades after termination of the 20 cycles is
shown in figure 5. The endurance results reported herein, though very
limited, indicated to some extent the satisfactory durabillty of blade
construction.

General Remarks

Although the investigations ‘conducted on blades utilizing the prin-
ciple of protecting the load-carrying member from the hot-gas stream
indiceted that blades of this type have a greaster potential for operating
at higher turbine-inlet temperatures, higher stress levels, and/or lower
coolant-flow ratios than the shell-supported blades, consldersble inves-
tigation and development is still required before the strut-supported
blade 1s satisfactory for service applicetion. For example, more exten-
sive endurance testing of blades at gas temperastures and stress levels
higher than those in current engines is reguired for low coolant~to~gas
flow ratios. In addition, other methods of blade febrication such as
casting, forging, and laminating should be investigated with a view
toward decreasing the blade weight and increasing the ease of blade

menmufacture.
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SUMMARY OF RESULTS

The following results were obtalned from an experimental and analyti-
cal investigetion to determine the cooling effectiveness and constructlon
duraebility of the present deslgn of a forced-convection air-cooled strut-
supported blade:

1. An analysis to determine the effect of varilation of strut geome-
try on strut temperature for the blade profile chosen indicated that
increasing the number of secondary fins, which serve to augment the
coolant surface area of the strut, had the largest effect in reducing
the temperature of the strut. The thickness of the primary fins, which
serve as support members for the shell, had the next largest effect, and
the thickness of secondary fins and the sttachment contact area between
primary fins and shell had little effect.

2. Appreclgble cooling of the support member of the strut-supported
blade reported herein was obtalned., At a coolant-to-gas flow ratio of
0,01, for example, the difference between the average experimental strut
temperature and the effective gas temperature was approximately 400° F,

3. Conslderation of the temperature and stress levels of the main
load~carrying members of the strut-supported blade and of one of the
more favorebly cooled shell-supported blades indicated that the strut-
supported blade has more promise for operation at higher turbine-~inlet
temperatures, higher stress levels, and/or lower coolant-to-gas flow
ratios.

4. Cyclic endurance tests of the blades, though limited, indicated
to some extent satisfactory durebility of blade construction.

5. Analytically obtained local midchord strut temperatures were in
good agreement with experimentally obtained temperatures.

Lewls Flight Propulsion Labopratory
Netional Advlisory Committee for Aeronautics
Cleveland, Ohio, December 9, 1953
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/—Strut (support member)

CD-3129

(a) Isometric view.

Figure 4. - Alr-cooled, strut-supported turbine blade.
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Flgure 4. - Conclufled, Air-cooled, strut-supported turbine blade,
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C-34282 .

- Alr-cooled, strut-supported turbine blade.
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